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SUMMARY

This note presents the results of a study'which is in nature and
intent a continuation of the work reported by Haagensen and Muggeridge.

A total of 253 OFHC copper specimens were tested at the following
stress levels, 3 at 10.0 ksi, 150 at 16.5 ksi and 100 at 19.0 ksi. The test re-
sults at 16.5 ksi were analysed separately as well as together with the test -
results of those 200 specimens tested previously at 16.5 ksi and reported by
Haagensen., The 19.0 ksl test results originate from this study alene. Further=
more, the results of Bloomer and Roylance were treated in a similar manner. All
the gbove test results were analysed using a single log-normal distributien, a
single Weibull distribution, a truncated log-normal distribution and the mathe-
matical dissection method.

Furthermore, metallographic and X-ray examinations of the fatigued
specimens were carried out. A few specimens each at the stress levels of 12.7
ksi, 13.0 ksi, 14.0 ksi (from tests reported by Haagensen) 16.5 ksi and 19.0
ksi were examined using taper sectioning procedure to study the microstructure
near the surface as well as in the work hardened layer, a leftover of the final
machining after annealing, at the surface.

The main conclusions of this study are:

1) Both at the 16.5 ksi and the 19.0 ksi stress levels, a single log-
normal distribution fitted the data better than a single Weibull
distribution.

2) The truncation analysis did not give any evidence for the existence
of two distributions at these two stress levels. The mathematical
dissection method indicated the existence of only a single distribu-
tion which suggests that these two stress levels are above the bi-
modal transition region. -

3) A definitive conclusion about the existence of two distributions
could not be drawn from the results of Bloomer and Roylance because
of too many sample disturbances and the uncertainty of the actually
operative stress amplitude due to the presence of the notch.

L) At 10.0 ksi, even though the life indicates that this stress level
is in the low F range, there is still some evidence of H range damage.

5) At 19.0 ksi there are about 60% H and 40% F range grains thus indi-
cating that there is no clear division between H and F and both
mechanisms exist. in both H and F ranges but one predominating over
the other in the respective ranges.

6) The work hardened surface layer and areas near the surface seemed to
have a higher percentage of H grains than the other regions.

7) Surface microcracks originated at and develeped from the roots of

the cutting tool grooves and seemed to link up with the internal
microcracks te cause failure by the formation of one or more macrocracks.
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8) The development of cracks from tool grooves depends on the stress ;
level and the sharpness of the grooves. \‘
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NOTATION

b Weibull shape parameter

E Young's Modulué

T(x) frequency distribution function or probability density function (p.d.f.)

F(x) cumulative probability function or cumulative distribution function
(c.d.f.)

ksi thousands of pounds per square inch

LTR Long Term Fatigue - designating the high-endurance compbnent in a

bimodal distribution

loglo,log common logarithm

1n natural logarithm

n total number of specimens in the sample of a population

n . number of observations, the endurance values of which are known in

a truncated sample. ‘
N endurance of a specimen in cycles

N. The ith ordered endurance when the endurance values of a sample are
‘ arranged in ascending sequence.

NO the minimum life parameter. Ny is defined by F(N <€ NO) =0

psi pounds per square inch

Pi plotting position

r correlation coefficient

STF Short Term Fatigue - designating the low-endurance component in a

a bimodal distribution.

52 Estimate of o% obtained from a sample, sample variance

s sample standard deviation, estimate of o

Sa nominal stress amplitude in ksi

v characteristic life parameter in Weibull distribution defined by
F(V) = %

X LoglO(N)
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the ith ordered value of x.

scale parameter of Weibull distribution being equal to (V—Nb)
shape parameter of Weibull distribution (same as b)

location parameter of Log Weibull distribution

complete gamma function with argument p

ith central moment of the ith moment about the mean

ith moment abolt any arbitrary peoint

variance of a population

population standard deviation

population mean

ith cumulant or semi-invariant.
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- I. INTRODUCTION

The Stress (S) - Endurance (N) curve representation of fatigue life
data is essentially a method of presentation adopted for the convenience of the
designer. The S-N curve as such does not explain or provide any phenomenalogical
information about the process of fatigue. Coffin (Ref. 8) and Mason (Ref. 22)
pointed out that it is possible to represent the S-N curves of several metals
using the same power function without recourse to the phenominalogical aspects
of fatigue. Wood (Ref. 40) divided the generalised S-N curve into two or three
distinct ranges (H, F and S) on the basis of microstructural differences. Each
one of Wood's failure mechanism predominates in its respective range in co-
existence with the other failure mechanisms.

It isawell recognised fact that fatigue failure is a statistical
phenomena. Even under closely controlled conditions a large amount of scatter
is observed in the fatigue life of specimens tested under identical conditions
and this can be attributed to random variations of several factors such as load,
specimen dimensions, material properties of specimens, defects in specimens and
the material etc. Hence for the effective presentation of constant amplitude
fatigue data it becomes imperative to provide a relation between the number of
cycles and the probability of survival at each stress level in addition to the
conventional 8-N curve. This relation is, in general, based on either the log-
normal distribution or the extreme value distribution. It has been observed
that in the H range (above the lower 'knee' of the S-N curve) the log-normal
distribution gives the best fit whereas in the F range (ﬁelow the lower 'knee'
of the S-N curve) the Weibull or extreme value distribution gives the better fit.
At the lower 'knee' itself, neither distribution provides a good fit and a large
amount of scatter has been observed.

The large scatter at the lower 'knee' of the S-N curve has been inter-
preted as being due to discontinuities in the S-N curve (Refs. 31, 39 and 34 for
Aluminum, Ref., 29 for polycrystalline copper, Ref. 27 for copper single crystals
<111>, and Ref. 2 for steel). Frost (Ref. 13) has approached this problem from
the standpoint of microstructural changes. Swanson (Ref. 34) and Cicci (Ref. 6)
interpreted the scatter at the lower 'knee' of the S-N curve as due to the
blending of two endurance distributions caused hy two coexisting fatigue failure
mechanisms, namely H and F, the 'knee' being pictured as the transition region
between the two ranges. Haagensen (Ref. 15) tested 631 specimens of OFHC copper
in an attempt to check the existence of a bimodal endurance distribution at the
lower 'knee' of the S-N curve on a sound statistical basis. Muggeridge (Ref.2L)
studied the correlation between Haagensen's bimodal endurance distributions and
Wood's fatigue failure mechanisms. At 16.5 ksi it was found that there is some
discrepancy regarding the respective proportions of the STF and LTF distributions.

The present investigation was undertaken in order to clarify the dis-
crepancy at the 16.5 ksi stress level and to study the endurance distributions
and microstructural changes at a higher stress level (19.0 ksi) as well as the
microstructural changes at a very low stress level (10.0 ksi) well below the
lower 'knee' of the S-N curve. It was also proposed to investigate the effect
of the work hardened layer and the grooves left by final machining by means of
metallographic examination.



II. MATERIAL, APPARATUS AND TEST PROCEDURE

2.1 Specimen Material

The material used for testing is OFHC copper supplied by Anaconda
Company (Canada) in the form of half-hard cold drawn rods of 3/4 inch diameter
and 12 ft.length. The specifications are given in the table below.

OFHC COPFER

ASTM SPECIFICATION B-170-47

Contents Amount by Weight
Copper 99.96 or more
Phosphorous less than 0.003%
Sulphuar . less than 0.004%
Zinc less than 0.0003%
Mercury less than 0.001%
Lead Lo less than 0.001%

2.2 Specimen Configuration and Preparation

The shape of the specimen is shown in Fig. la with dimensions, the
above shape having been chosen on the basis of minimum stress concentration.
The specimens were commercially machined and annealed. First, the specimens
were rough machined to 0.0125" oversize on all diameters, then annealed and last
fine machined with 5 cuts of 0.0025" depth and 0.002" feed per revolution.
This procedure was adopted to remove the slight warping introduced during
annealing.

The annealing was done for 2 hours at 1050°F in a vacuum of 25 mi-
crons Hg. in batches of 200 specimens with the specimens hung vertically to
avoid eccentricity due to warping.

Prior to testing the specimen diameter and eccentricity were uwea-
sured at the two ends and at mid-length of the test section. The nominal loads
used in testing were based on the smallest diameter and specimens having an
eccentricity of more than 0.001" were rejected.

2.3 The Fatigue Machines
i
Two machines were used in the program. The first machine was used
to test 3 specimens at 10.0 ksi and 150 specimens at 16.5 ksi. . A complete
description of this machine can be found in Ref. 15. The operating frequency
is about 60 cycles per second and it has an electromagnetic shaker of 25 1bs.
force rating.

The second machine was used to test about 100 specimens at 19.0 ksi.
Details of the machine and the instrumentation are shown in Figs. 2a, 2b, and
2¢. This machine is similar to the first machine except for certain trivial
differences in the physical arrangement of parts. The operating frequency is
about 48 cycles per second and it has an electromagnetic shaker of 50 1bs.
force rating.



Both machines work on the resonance principle. They employ two
gripping- heads each having a "rubber-flex" ceollet grip (with well shaped harden-
ed steel plates which are hook-serrated for providing a firm grip) in conical
bores. By tightening the collet compression disc and the back-up pin alternately
the specimen can be gripped firmly to withstand alternating loads without slipp~
ing.

Of the two gripping heads, the upper one can be positioned at any
level and clamped to the machine frame firmly. The lower one is movable and
is connected through strain gauged dynamometer springs to a horizontal beam.
which is pivoted at one end and can be oscillated at the other end using the
shaker. A mean stress spring is available to apply and vary the mean stress
and to load the specimen statically if necessary.

The load monitoring system consists of the dynamometer strain gauges,
a pre-amplifier and an electronic voltmeter for measurement. A photoelectric
device with two cut out points is actuated by the dynamometer signal to warn
against low load ;buzzer) and to shut off the machine just before the specimen
fails.

The loading arrangement consists of an audio oscillator whose sine
wave output is amplified by a power amplifier and is fed to the shaker. The
number of load cycles were counted using an electronic counter and an electric
clock.,

2.4 Machine Alignment and Calibration

#

The upper and lower grips were aligned to within l/lOOO inech using
a strain gauged steel specimen of square cross-section which can be gripped
in the machine and the resultant bending strains noted using a strain indicator.

The calibration was done using a strain gauged aluminum alloy (7075-T6)
specimen of square cross-section. The specimen was first calibrated statically
in an Instron testing machine using a strain indicator. The specimen was then
gripped.  in the fatigue testing machine and an oscilloscope was calibrated for
static loads by setting the loads using the strain indicator and applying the
loads by means of the mean stress spring. Then t?e dynamic load was applied by
running the machine to obtain a dynamic signal of 'amplitude equal to the pre-
vious static signal on the oscilloscope. This signal was then read on the
voltmeter by disconnecting the oscilloscope and connecting instead the pre-
amplifier-voltmeter circuit. . In this way a calibration curve relating voltage
and load was obtained.

2.5 Test Procedure and Environment

Special care was taken to keep experimental errors to a minimum.
After gripping a specimen a mark was made on the specimen at the lower front end
near the grip to provide a reference to record the crack location later.. In
most of the tests, failure occurred at the front of the lower fillet or the
rear of the upper fillet, this being due to the Fac¢t that the maximum bending
strains occur at these points (Ref. 15).



As far as possible only specimens from one heat treatment batch were
used at each stress level. Prior to each test the bridge pre-amplifier and
voltmeter were zeroed and calibrated. During the first few minutes of each
test the load increasing due to work hardening in the specimen had to be kept
constant by varying the shaker input and frequency.

The temperature rise during some fatigue tests at 19.0 ksi stress

level was recorded using a thermocouple and a chart recorder. All tests were
done at room temperature and uncontrolled (room) humidity.

III. ANALYSIS OF RESULTS

3.1 The Control Tensile Specimens and Exémination of Unfatigued Specimens

To determine the mechanical properties of the specimens tested, 5
specimens from each of the batches were subjected to a tension test. The
hardness values of the above specimens were evaluated prior to the tensile test.
The results of these tests and the arithmetic¢ means and the standard deviations
of the various properties along with the 95% confidence limits for the more
important properties are listed in Table I.

Transverse sections (see Fig. lc) from two unfatigued specimens were
prepared by standard polishing methods and were examined under the microscope
after etching. The specimens showed a partially recrystallised structure and
the grain size was found to be that of ASTM No. 8. Figure 1d shows a typical
back reflection X-ray pattern obtained from an unfatigued specimen.

3.2 Statistical Analysis of Results

The endurance data for the specimens tested at 10.0 ksi, 16.5 ksi
and 19.0 ksi are listed in Table II. 150 specimens were tested at 16.5 ksi
mainly for the purpose of clarifying certain discrepancies reported in Ref. 15.
So the endurances at this stress level were analysed separately as well as in
conjunction with those of the 200 specimens fatigued in Ref. 15. Hence the
following analyses were carried out at both the 16.5 ksi (150 specimens and
350 specimens) and the 19.0 ksi (100 specimens) stress levels.

) Single log-normal distribution

) Single Weibull (extreme value) distribution
) Truncated log-normal distribution

) Mathematical dissection method (Appendix B).

Fw -

The theoretical background for analyses (1), (2) and (3) can be found in Ref.
15. 7

Figures 3,4, and 5 show the histograms with a class length of 0.01
log N for the three sets of data. These do not show any indication of the
existence of bimodality. Figure 6 shows the results of the truncation analysis
carried out and again there is no evidence to suggest the existence of bimodality
at these high stress levels. A simple analysis (Appendix A) shows that if the
means of the two component distributions are separated by less than 2.2 times
the mean standard deviation,(o; + oéyﬁa;pnly a single top will exist. Figures
7 and 8 show the data plotted as single distributions on log-normal probability
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paper and extreme value probability paper respectively. The goodness of fit

as determined by the correlation coefficient (Ref. 15) seems to be better in
the case of log-normal distribution than in the case of extreme value distribu-
tion for all the sets of data analysed. The somewhat lower value of the
correlation coefficient obtained for 19.0 ksi is partly due to the small sample
size since if the sample size is small the fit is sensitive +to random distur-
bances in the sample.

If one considers the large scatter at the lower 'knee' of the S-N
curve as being composed of the blending of two endurance distributions caused
by two coexisting fatigue failure mechanisms, it is obvious that as the stress
level approaches the H region of the S-N curve, the means of the component
distributions approach each other and at the same time the F component diminishes.
Hence under such conditions the truncation analysis becomes obviously inappli-
cable to determine the existence of bimodality (Appendix A). Therefore the
mathematical dissection method outlined in Appendix B was applied to the test
results.

In this mathematical method of dissection, instead of assuming the
bimodal distribution as a combination of a log-normal distribution (STF compon-
ent) and a Weibull distribution (LTF component), the bimodal distribution has
been assumed to consist of two log-normal distributions for simplicity of
analysis. Qn this basis the parameters pertaining to the two component distri-
butions were calculated. Table III shows the parameters obtained for all the
analyses carried out. It can be seen from Tables IIIa and IIIb that the corre-
lation coefficients for the single log-normal distribution are higher than the
correlation coefficients for the single Weibull distribution at both the 16.5
ksi and 19.0 ksl stress levels. This indicates that the single log-normal dis-
tribution fits the data better than the single Weibpll distribution as is to be
expected for stress levels well above the lower 'knee' of the S-N curve. The
results of the mathematical dissection shown in Table IIIc indicates that there
is only a single distribution at both 16.5 and 19.0 ksi stress levels since the
proportion of the LTF component present, as indicated by the value of ho is
practically insignificant.

Figure 9 shows a plot of the temperature rise during fatigue at the
19 ksi stress level. Results from Ref. 15 for 16.5 ksi and 14 ksi are also shown
in Fig. 9 for comparison. At 19 ksi, the amount of energy dissipated seemed
to rise rapidly during the first 10,000 cycles and then remained almost steady
at about 20°F above room temperature, until final fracture occurred. In con-
trast, the energy dissipation at 16.5 ksi and 14.0 ksi seemed to have a wmore
or less gradual rise throughout the life-time. But in all the cases the maxi-
pum temperature rise during fatigue was considered too small to affect the fatigue
1life of the specimen by any significant amount.

Figure 10 shows a schematic plot of the S-N curve. Results from Ref.
15 have been included in this plot to obtain the points at the 12.7 ksi, 13 ksi
and 14 ksi stress levels. Besides the schematic S-N curve, the STF and LIF
components are also shown in Fig. 10. The dotted lines indicate the sugpected
merging of the LTF and STF components above the lower 'knee' which leads to a
single distribution in the neighbourhood of the 16.5 ksi stress level and above
it.



3.3 Analysis of the Results of Bloomer and Roylance

+

Bloomer and Roylance (Ref. 4) tested a sample of 973 notched Aluminum
(B.26S-WP:2024~ST) specimens using four Wehler type rotating bending cantilever -
machines. The nominal stress used corresponds to 16.8 ksi. The results of
these tests are shown plotted in the form of histograms for all four machines
and for the total of 973 specimens in Fig. 11 with a class length of 0.02 log N
which is twice the class length used for Figs. 4, 5, and 6. The histegrams
clearly indicate that there is a large amount of random disturbances or irregu-
larities in the sample. The truncation analysis was applied to these results
and the plots obtained are shown in Fig, 12. The plot correspending to
Machine-1 (Fig. 12a) seems to indicate the existence of two distributions. But
all the other plots show a much higher random variation of parameters suggesting
that the samples are very irregular.- Figure 13 shows the plot of the data on log-
normal probability paper. . The correlation ceefficients indicate that the log-
normal distribution does not fit any of the results too well.  Figure 14 shows
the plot of the data on Weibull or extreme value probability paper. - The
straight line was fitted by the upper vertical moment method. Regression
analysis could not be carried out on these plots since there were a few speci-
mens from each of the machines with Log N lower than Log N,. Consequently,
correlation coefficients could not be obtained to determine the relative merits
of the log-normal and the log-Weibull distributions from the point of view of
what one provides the best fit. The parameters obtained for single log-normal
distribution and single log-Weibull distribution are shown in Table IV. An
attempt was made to fit the ordinary single Weibull distribution. But it was
found that the minimum 1life obtained by using the upper vertical moment method
was higher than the lives of about 15 to 20 specimens in the case of each of
the four machine data sets and hence the fit was found to be extremely poor.

The mathematical dissection method was also applied to these results and it
was found that the method does not converge, possibly because of the irregular-
ities in the samples.

IV, METALLOGRAPHIC EXAMINATTION

4.1 Examination of Fatigued Specimens

Specimens tested at 10.0 ksi, 16,5 ksi and 19.0 ksi taken from the
tail ends of the endurance histograms were examined for microstructural fea-
tures characteristic of the failure mechanisms which operate at these stress
levels. The specimens were sectioned longitudinally to the diameter (section-
ing procedure is shown in Fig. 1b). The ‘sections were then prepared by
mechanical polishing followed by electropolishing in ortho-phesphoric acid
solution for 30 seconds. ZEtching was then carried out using a standard ferric
chloride reagent, )

Another set of specimens tested at 12.7 ksi, 13.0 ksi, 14.0 ksi,
16.5 ksi and 19.0 ksi also taken from the tail ends of the endurance histograms
were examined using the taper sectioning procedure (Fig. 1b shows the section-
ing procedure), to study the effect of the work hardened layer and the grooves
left by final machining. For this pdrpose the specimens were first silver plated
and then a longitudinal flat was ground, polished- mechanlcally and etched using
ferric chloride reagent.



4.2 X-Ray Tests

- X-ray back reflection patterns give a sure indicatien of the pre-
sence of the deformed grains which are characteristic of the H range. If H
range damage is present the Laue spots extend to become arcs. Figure 15 shows
the back reflection patterns obtained at 10.0 ksi, 16.5 ksi and 19.0 ksi stress
levels. The patterns were taken from specimens sectioned to the diameter and
polished mechanically and electrolytically to remove any work hardened layer
left by sectioning. The disorientation and deformatien of grains occurring as
the stress level is increased is clearly revealed in Fig. 15.

4.3 Optical Microscopy

Typical photomicrographs taken from the longitudinal midsection of
specimens tested at 10.0 ksi and 19.0 ksi stress levels are given in Figs. 16
and 17. Figure 16 shows some of the photomicrographs taken from specimens
fatigued at 10.0 ksi. The 10.0 ksi stress level is well below the lower 'knee'
of the 8-N curve. However, the figures show some typical F range damage.
Figure 16a shows etched up distorted slip zones which are characteristic of F
range damage. Figure 16b shows extensive cross slip and straight slip (8 range
damage)° Figure 16c shows straight slip and cross; slip along with some dis-
torted slip zones, twin boundary distortion and grain boundary distortion.
. It is to be noted that twin boundary distortion, twin boundary damage, grain
boundary distortion and grain boundary damage are not characteristic of any
particular type of damage and hence can be fopnd over a wide range of stress
levels in all the ranges, namely H, ¥, and S.. Figure 17 shows some of the
photomicrographs taken from specimens fatigued at 19.0 ksi stress level which
is well above the lower 'knee' of the S-N curve. Figure 17a shows typical H
range damage in several grains being characterised by etch pits along with a
twin with H damage (showing etch pits), distorted twins and twin boundary
damage. - Figure 17b shows fatigued slip zones which are typical of the F range
damage along with some cell boundary damage which is typical of the H range.
Figure 17c shows a grain with distorted twins and cross slip along with some
twin boundary damage. Figure 174 shows cell boundary damage which is typical
of the H range along with some distorted twins with boundary damage. Figure
17e shows the interaction between fatigued slip zones and a twin.

Figures 18 to 20 show the photomicrographs of specimens taken from
the tail ends of the endurance distributions at 12.7 ksi, 14.0 ksi and 19.0 ksi
stress levels. Taper sectioning procedure was used to obtain these photomicro-
graphs and the average taper magnification in all the above pictures varies from
3.0 to 3.5. Figure 18 shows the photomicrographs taken from specimens fatigued
at 12.7 ksi. Figure 18a shows some distorted slip zones at very high magni-
fication. . Figure 18b shows the grooves left by final machining and the work
hardened surface layer at low magnification. Figure 18c shows the work hardened
surface layer and & microcrack developing from the grooves left by final machin-
ing. Figure 18d shows some F range damage, particularly distorted slip zones.
The effect of improper polishing procedure and the area that has been magnified
to obtain Fig. 18a is shown in Fig. 18e. The photomicrographs from specimens
fatigued at 14.0 ksi stress level are shown in Fig. 19. Figure 19a shows the
grooves which are blunt, left by final machining and the absence of microcracks.
Figure 19b shows the grooves which are sharp, left by final machining with cracks
originating from them. Figure 19c¢ shows typical H range damage in the viecinity
of the work hardened surface layer along with distorted twins, twin boundary
damage and microcracks. Figure 19d shows a grain with H range damage (note etch
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pits) along with distorted twins, twin boundary damage and grain boundary damage
at a high magnification. Etch pits reveal the difference in orientation within
a grain. Figure 20 shows the photomicrographs taken from specimens fatigued at
19.0 ksi stress level. Figure 20a shows the macrocrack which caused failure ‘
along with other macrocracks and microcracks which originate at the grooves left
by final machining. Figure 20b shows several microcracks and macrocracks along
with some microcracks which are about to link up with the adjoining macrocracks.
Figure 20c shows the linking up of microcracks with adjoining macrocrack. . It
also shows the formation of microcracks from grain boundary damage and slip zones
Figure 204 shows a macrocrack running along the grain boundaryhlinking up with
microcracks formed in the interior of the grain. - Figure 20e shows a typical
macrocrack along with some twin boundary damage. Figure 20f shows a macrocrack,
cell boundary damage and fatigued slip zones about to opeh up into cracks.
Jaxtaposed depressions can be observed in the macrocracks shewn in Fig. 204, 20e
and 20f confirming the earlier observations made by Laird (Ref. 21) and
Muggeridge (Ref. 2L) regarding crack profiles and crack propagation mechanisms.

V. CONCLUDING REMARKS

On the basis of the statistical analysis carried out on the axial-
load fatigue endurance distributions of OFHC copper at two stress levels and the
results of Bloomer and Roylance and the metallographic examination of a number
of fatigued OFHC copper specimens, the following conclusions could be drawn:

1) Both at the 16.5 ksi and 19.0 ksi stress levels a single log-normal
distribution fitted the data better than a single Weibull distribution.

2) The truncation analysis did not give any evidence for the existence of
two distributions at these two rather high stress levels. The mathe-
matical dissection method indicated the existence of only a single dis~
tribution and hence leads to the .coneclusion that these two stress
levels are above the bimodal transition region and hence have enly a
single distriblition.

3) A definitive conclusion about the existence of two distributions could
not be drawn from the restilts of Bloomer and Roylance because of too
many sample disturbances and the uncertainty of the operative stress
value because of the presence of the notch.

4y At 10.0 ksi, even though the lift:indiéates that this stress level
is in the low F range, there is still some evidence of H range damage.

5) At 19.0 ksi there are about 60% H and 40% F range grains, thus indi-
cating that there is no clear division between H and F ranges and that
both mechanisms exist in co-existance in both H and F ranges but one
predominating over the other in their respective ranges. '

6) The work hardened surface layer and the areas near the surface seemed
to have a higher percentage of H damage than the other regionms.

%) Surface microcracks originated at and developed from theiroots of the
cutting tool grooves and seemed to link up with the internal micrecracks
tor:) cause failure by the formation of one or more macrocracks.



8) The development of cracks from tool grooves depends on the stress level
and the sharpness of the grooves.
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APPENDIX A

Dissection of Frequency Curves

A frequency curve can be dissected into compenents either by the
method of truncation (Ref. 15) or by a formal mathematical method (Ref. 5,.32
and Appendix B). Each method has its own inherent limitatiens and is only
applicable under certain conditions.

- The mathematical methed, for instance described in Appendix B
gives realistic results only if the dlfference between the means of the compon-
ent distributions is not appreciably larger than the standard deviation due to
reasons discussed in Ref. 32. Moreover the relative sizes of the compoenents
should be of reasonable magnitude since otherwise the estimates of the stand-
ard deviations will be unrealistic as can be seen from- the expre531ons of the
standard deviations given in Appendix B.

For the method of truncation to be successful, the frequency
curve should have two tops. A détailed discussion of the conditions under
which a bimodal distribution will have enly a single taop and where therefore
the truncation methed is not useful is given below.

The above single or two top condltlons w1ll have to be considered
for ghe following four cases:

1) Component distributions with equal number of specimens and same
standard deviation.

2) Component distributions with unequal number of specimens'and same
standard deviation. C

'3) Component distributions with equal number of specimens and unegual
standard deviation. - ,

4) - Component distributions with unequal number of specimens and unegual
standard deviation.

- Cases (1), (2), and (3) are particular cases of case (4) but still
all cases are discussed separately.

Case 1

- N - . -
n, o=n,=-—75"3; Gé—v o, = | o

where n, and n, are the number of specimens in component 1 and 2
respectively and N.the total number of specimens.

. The probability density functien is given by,

f(x) = %-{‘ivﬁ%%—— e _5521 t e D08

13



Referring to the sketch below, the condition for flat top is x3 + Xp = 2Xxg3 . ,
Let (m - m ) =Ko .
2 1

Hence,

or,

1 1 -K2/2 (K/2)2/2
{W*Uﬁﬁ— c /} N Ul?w /2

The above eqlation can be solved graphlcally to obtain K = 2.212.
Hence if (mo-m; )<2.2120 only a single top exists.

Case 2

n n
'l-\T—=(1, —ﬁ—=B;0'l=0'2 = O

Hence @ + B = 1 Let (my-my) =K

The probability density function is given by,

gx-mJ!2 x-m5 )

o 202 20
£x) = e v e

Referring to sketch, the condition for having a single top is that AB should be
either a straight llne or should be a convex curve.

1k



‘Hence,

e T ) E )

(g WL L ) (o )

-(k/2%2/2
U%T_e(/%/

or
H a7 e -

Since (OL+B) = 1, the abgve equation yields the same result as in gase 1, namely
K = 2.212. Hence if (me—~ my) < 2.2120 only a single top exists.
/ :

Case 3
N
m =nz =3 302 = n 03
Let (mz- mgl) = K(ﬂ_éj_‘_(Tz) , Where <(—)l—-£—03> is called the mean
standard deviation. o :

The condition for having a single top is,

[pe(oyton) 1B BE-ACR
1)1 Lo 2017 R, L, i . %
21 2\ VFes N2z . Nemoy, | Nemz

K K |
L (o1102) 17 _[i-(oyt02) 12
2

_1 [5:(o1402) P
—~ 1 1 2 0-12 + 1 ) _L 1 + 1 e 2022
{ 2 <Ii‘2‘=ml © NZmos oF | > {T"ewl N2z ﬂ’

The above equation can be solved for various values of n after substituting
0o =n oy and the value of K lies between O and 2.212.

K

Case 4

N»=oz,—1\?=8;crg=ncrl,Let(mz-ml)=K 5
The condition for having a single top is, X

_ i52(0y405) 1% Tz (o +05) )%
1 @ _ . 2 ;s B Ve ,_8 2022 ‘
2 \W2mo N2moo) \N2moy" Nemoz

[K‘ 2.,

_LiBe(oy405) ]

6 20 22 P
7 ¢ )

15



Putting 0z = n 0y and B = (1-0) and assigning various values of ¢ and n one can
solve the above eqliation to determine K. The value of K is found to vary from
0 to 2.212.

Hence taking into consideration the worst circumstances, if the
means are separated by less than 2.212 times the mean standard deviation,
(01 + 0g)/2, only a single top exists and hence it is not very reliable to use
the method of truncation under such conditions.

16



APPENDIX B

Mathematical Dissection of Frequency Curves into Components

In 1894 Pearson treated the problem of dissecting a given fre-
quency curve into two typical laws of errors (Normal). He used the expressions
for moments of a sum of two typical laws of errors to accomplish the dissection.
His method involved the solution of a certain 9th degree algebraic equation.

Charlier (1906, 1923) recommended a modified method of elimination
which lead to %wo equations with two unknowns to be solved simultaneously.

Barrau (Ref. 5) used the cumulants or half-invarients instead of
moments in a similar approach. Tables and charts were provided by Stromgren
(Ref. 32) for solutions by Barrau's method.

In the present problem of fatigue testing it is a more or less
generally accepted fact that the lower life component (STF) follows a log-
normal distribution whereas the higher 1ift component (ILTF) seem to follow a
Weibull distribution. Therefore one has to dissect a frequency curve into two
components, one of which is log-normal and the other a Weibull or extreme value
distribution.

If n; and np are the number of specimens in each of the component
distributions, the probability density function is given by,

L1/ x-u o1 -x0\B
() g o : (5 >+n2<a>(x-xO>ﬁ R

The moment generating function is,

u(t) = B(e*?) f {m 2 ;‘f<x—“>+ s <6> <_»s_xQ_> ( u)} Xt

p
e<] B X'-XQ >
f(x_xo)ﬁ"l ex“b x< o

The second term leads to a complicated series. Since one is
interested in the moments of the distribution, the expressions for the various
moments can be obtained without recourse to the above expression.

For the second component (Weibull) the general expression for the

kth order moment is K
Ko 3 .
2 Z <K.>xo NEION
; d J
3=0
. - rd K\ _ K!
where gy = I’(B + 1) and ( J> = ST

N



Hence one obtains the following expressions for the various moments of the com-
pound distribution:

-

1=1 +h

pi = hp + ho(x, + a(l/B)gl)

bt = (2 02) + 1l ()2 + 2 2ol /P)gy 4 alB/P)yy

Qé = 1y (u° + 3002) + ho{xd + 33 o /P, 4 3x6a(2/5)g2 + of3/P)gy)

mi o= hy(p* + 6002+ 30%) + hp (x + 4 x3 oL1/B)g 1 6 <2 ok 2/B) g,

(4)
g = hl(u5 + 10u%%+ 15 po*) + hz{Xz +5 xg a(l/ﬁ)gl + 10 x2 a(2/5)g2
I
hg = hl(u6 + 15 p%o2 + U5u2 0%+ 15 o®) + ny {xg + 6 xg a(l/B)gl + 15 x2 a(?‘/B)gz

+20 62 0Py 4 15 2 oM/, 1 6 oy 4 60y,

N2

where hy = %% and hy = N

One has to solve for the seven unknowns namely, nj, no, K, 0,
Xg, @ and B. Therefore seven equations are needed and in the method of moments
the seven equations in (A) are used.

The above equations form a set of nonlinear algebraic simultaneous
equations for the solution of which no general method is available. Methods like
Newton's method and the method of steepest descent have been extensively used for
such problems. In the present case, the problem is further complicated by the
fact that the unknowns appear as powers of other unknowns.

In the method of cumulants, the first equation of (A) along with
six other equations obtained by substituting the expressions for moments from
(A) in the following expressions for cumulants can be used.

AL = pd

Az =g - B}

s = ud - 3ud pd + 204°

Ne = pi - 4 opsopi - 3023+ 12 pp pi®- Guyt

Ag = Hg - Suapd -lQQéué + POugi® 30u2%ul - 60upni® ki’ (B)
Ag = kg - Oulpd - 15ugud + 30u4ni® -10u5% + 120n3umn]

-120u4u] 3+30p5%-270p2 "2 + 360ubud *- 120u16
Thus it is obvious that this procedure is unlikely to lead to
any substantial simplification over the method of moments.

Instead of facing the formidable task of solving the equations
in either of the above cases one can simplify the model by assuming the Weibull
component asg another log-normal distribution. So in the method of moments we
obtain the following six equations in place of equations (A) to solve for the
six unknowns ni, no, Ui, Mo, 01, and Oo. 18



1=h +he
ui = hy pa + he ps
up = hy (n + 0F) + ho(px®+0%)
pg ==l (u1%+ 3u30%) + hp(ua®+ 3u205%) ' ' (c)
i o=h (ua+ 6u2 0%+ 302*) + nz (nd + 6 u 02+ 302%)
ué = (Hg + 10pF 032+ 16 pyoy P he(ug + 10p8 3224 16 pp 0%)

For the method of cumulants substituting (C) in (B) one obtains
after manipulation the following equations which incidentially are the same as
Barrau's equations except for changes in notation.

1 =h + ho
Ay = hypy + hopp
A = hyho(up- p1)Z + hy 0%+ hpop?
Aa = hyhp(hy-hs) (nz- w1)® + 3hhs (po- ul)(ca -01%)
Ag = hyho(hy®- Uhyhot h3)(na-pz)* + 6 hiha(hi-ho)(ue-pa)® (022- 01) (D)
+ 3 hyhp(02®- 01%)2
Ao = mha(m® 11 Bfhot 11 habg - 15%)(uz -i2)”+ 10myhp(nf- Mhyhot b2) (ja- )

x(08 - 08) + 15 hyhp(hy- hp)(pe-uz)(02"-01%)

Solving equations (D) is simpler than solvingfequations (c)
(Ref. 5). . For any specific problem knowing the first five cumulants A, Aoy Az
A4 and A5, equations (D) can be solved to obtain estimates of n; , np , P » Hes
o1 and oo using the charts and tables given in Ref. 32 even though it is a time
consuming procedure. Therefore, a direct method suitable for use w1th computers
will be outlined below.

Defining & = (uz - p1) and B = (023~ 01%)

and knowing h; and &, the other unknowns can be found with the follow1ng
equations derived from (D).

he = (1 - hy)
pr = (M- oh2)
pe = (ohy + %1)
oy =.{lx2 __ighithgl_ a%}
3h (0]
A (n+2hg) o 12
_ 3 hl hl+2h
0‘2—{.)\2+3h2a"' 3 2 052}

19



Hence the problem reduces to one determining & and h;. From
equation 4 of (D) : .
B = As _(h; - bp)o®
3hyho0r 3

From equation 1 of (D), hp = 1 - hy

Using the above, equation 5 of (D) can be reduced to

n0(20°)-nf (60%) + 1% (802)-n2(600-8Ag0®) + n2(20°-120e0®- 3Ny0P)
+ hy (MAa0® + 3040®) -A8 = 0 (1)
Similarly equation 6 of (D) can be reduced to
a6(h§-2h§ + n2)(2kng -36n% +2uh;; 6) + 66x3(h§ - 2h$ + h§)ol
+ 9g(hy - BY)ar - 1505(2hy - 1) = O (1)

For ? known value of @ equation (I) is a polynomial in h; and can be denoted by
g(h1) = 0.

Similarly for a known value of h; , equation (II) is a polynomial in & and can be
denoted by f(a) = 0

By Newton-Raphson method,

- (h1)
() =2 = Gih)

_ 2a6h§ - 6a6h?+806hf-(6a6—8k3a3)h§+(2@6-12%3a3-3h4a2)h§+(Mk4a3+ 3x4u2)h1-xg}
120P17 -300P0$+320003 - (1800 - 24 z03) hE+( LaP~2UAz02 6407 ) hy +hAz0P+3N 07
(@), = - S

New ~— ~ fT'(a)

_ (hf-2h5+h§)(2hhf-36h§+2hhl-6)a6+6OK3(h§-2h§+h§)a3+9k5(hl-h§)a-lBA%(Ehl-l)‘}
6(hE-2n3+n2) (2Lhd-36ng+okh, ~6)0? + 180As(hi-2nf+nT)aP+ 9A5(h1-h§)

By providing starting values for  and h; the above expressions
can be used in an iteration procedure to obtain better values, the iteration be-
ing terminated after sufficient convergence is achieved.

A computer program was set up to compute the cumulants and to ob-
tain values of, h;, hs, M1, Mo, 01 and 0o using the above method. Several of the
examples given in Ref. 32 were tried and they gave the same answers as in Ref.

32, confirming the practicability of the method. The method fails if the means
of the two components are separated by an amount eppreciably larger than the
standard deviation due to reasons outlined in Ref. 32.

20
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Rank

O O~ O\ Fwm

10 ksi

. 724855
7 . 754862
19.939855

TABLE II

RANKED FATIGUE ENDURANCES

(CYCLES TO FAILURE) x 10~

16.5 ksi

eNeReReoNeReNoRoNecNeoNoNeoReNoNohoNoNoNoNoRoNoNeoNeNoNoNoNoNoNoRelohoNolehoNoNohoRhoNoRoRoRoNoRoRoNe RO KS)

+133670
L143412
. 144499
.148993
15573k
157741
.160678
.163277
.165278
.16582L4
.167091
.169573
.170941
.170985
.171196
.171237
L171796
.171858
.172882
.173165
L17h431
.175384
.176240
177119
.177812
.178107
.180846
.181259
.181437
.185261
.185446
.185855
.186063
.186410
. 186504
.186573
.187171
.187245
.188442
.188602
.188873
. 188884
.190483
.190556
.191976
.192880
.192917
.193961
.194958
.195274

6

19.0 ksi

cNeNeloNoRNeoNoRoRoRoRoNoRoRoNoRoNoNeNoNoNoNoRoNoNoReNeNoNoNoNoNoNoNoNeleNoNoReNeNoRoeRoNooNoRoRe e

.053781
.056897
.057314
.058724
.060064
.060233
.060403
.060786
.061057
.062062
.062643
.062756
.062884
.063497
.063530
.064019
.0640TL
.064326
. 064360
.065126
.065275
.065325
.065564
.06565k
.065851
.066013
.066071
.066155
.066502
.066632
.066673
.066832
.066914
.067408
.067735
067769
.067804
.067833
.067963
.068365
.068369
.068655
.068861
.069525
.069544
.069636
.069693
.069732
.069981
.070146



Rank ‘ 10 ksi

TABLE II - continued

16.5 ksi

0.195797
0.196076
0.196096
0.196225
0.197082
0.198465
0.199300
0.199554
0.200314
0.200Lk12
0.200554
0.200715
0.200975
0.201135
0.201630
0.201817
0.201823
0.201949
0.203206
0.204003
0.20k791
0.205522
0.205868
0.206264
0.206533
0.206862
0.207005
0,208479
0.210603
0.212287
0.212348
0.212662
0.213520
0.214395
0.214908
0.215995
0.217h4k40
0.217678
0.217742
0.219021
0.219803
0.219902
0.219983
0.222300
0.222609
0.222823
0,.223079
0.223154
0.223301
0.223963
0.224080
0.226722
0.226948
0.227155
0.227166

. 19.0 ksi

.070381
070704
.071196
071207
071428
071752
.071904
.072160
072327
072352
072814
.072857
.073188
.073286
.073506
073733
.074001
.07h182
074638
Moty
074716
074979
.075156
.075608
075658
076176
076225
.076236
076300
LOT6374
077583
.078340
.078919
.079063
.079100
.079181
.079584
.079650
.079833
.080865
.082291
.082L67
.082982
.08L4063
.085400
.08704h2
J087509
.091770
.097286
.116950

ool eNeoNoNoRoRogoRoRoBoleNoRoNeRoNoNeRoNoNoRoNoNoNoNoNoNoNoNoNoRoRhoNoNoNoRoNoNoRoNoNoNoNoNoReRoRo N @)



TABLE II - concluded

Rank 10 ksi 16.5 ksi 19.0 ksi
106 0.227686
107 0.228390
108 0.229288
109 0.229554
110¢ 0.229638
111 0.230820
112 0.232774
113 0.232948
114 0.233787
115 0.234165
116 0.235247
117 0.239302
118 0.239566
119 0.239960
120 0.240027
121 0.240051
122 0.242189
123 0.242751
124 0.244210
125 0.245498
126 0.245765
127 0.246116
128 0.247234
129 0.249065
130 0.251035
131 0.251147
132 0.254924
133 0.256093
134 0.256164
135 0.257553
136 0.257684
137 0.258779
138 0.263382
139 0.264940
140 0.265414
141 0.265725
142 0.266822
1k3 0.272201
144 0.274876
145 0.276605
146 0.280214
147 0.280321
148 0.287637
149 0.330226
150 0.333713



TABLE III1.

A) PARAMETERS OF SINGLE LOG-NORMAL DISTRIBUTION A
' ? 16.5 ksi  16.5 ksi 19.0 ksi ..
150 specimens) 360 specimens 100 specimens
Mean of log(N), X 5.32089  5.32058 4,85163
Standard deviation, s 0.0704147 © 0.0903587 - 0.0510833
0.97805

Correlation coefficient, r 0.99712 . 0.99918

B) PARAMETERS OF SINGLE WEIBULL DISTRIBUTION (UPPER VERTICAL MOMENT METHOD)

16.5 ksi 16.5 ksi

19.0 ksi
150 specimens . 350 specimens 100 spegimens
Shape parameter, b 2.25439 ‘ .2.,19052 1.81487
Minimum life, N : ‘ '
(Mill. cycles 0.138887 - 1 0.121481 0.0568477
Characteristic life, V S ' '
(Mill. cycles) ©0.221759 -+ 0.225820 0.073520k4
Correlation coefficient, r 0.98281 : 0.98383 0.88723
C) PARAMETERS OF MATHEMATICAL DISSECTIQN’METHDD
16.5 ksi 16.5 ksi 19.0 ksi
150 specimens 320 specimens 100 specimens
STF Component ) ’ : L vt
by 0,99985k4 0.9997Th4 0.997580. . .
Mean of log(N), my 5.320897 5.320587 Lt 850606
Standard deviation, s; 0.074330 0,088239 0.0k47027
LTF Component ’
hp 0.000145 0,000225 0.002419
Mean of log(N), me 5.312835 5.298581 5.272022
Standerd deviation, sz 2.0281u4 1.260850 0.1h5h77

AN



'A) DARAMETERS OF SINGLE L

Machine No.

Number of Specimens

Mean of log(N),X

Standard deviation, s
Correlation coefficient; r

TABLE IV

OG-NORMAL DISTRIBUTION

1 2 3 4

243 255 2L5 230
5.95902  5.94342  5.97992  5.977h5
0.177530 0.164388 0.189107 0.190898
0.93047 0.94431  0.88778 0.91626

Machine No.

Nurber of specimensg

Shape parameter, b
Minimum life, log N
Characteristic life, log V

3 )

2h3 255 2Ls 230
1.54682  1.767ikh  1.45728  1.29897
5.70737 5.68136 5.7h261  5.74781
5.98883  5.97763 6.00701  5.99812
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TRANSVERSE SECTION

o  SECTION

=~~~ MACROCRACK

- BEFORE FATIGUE.

TAPER-MAG. OF « ETCHED-UP

COLD~WORKED
SURFACE ILAYER DISTORTION ZONES

LONGITUDINAL

LOCATION

ELECTRODEPOSIT

FIG. 1(b). SECTIONING PROCEDURE FOR MICROSTRUCTURAL
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FIG. 1(c). TYPICAL TRANSVERSE SECTION OF A SPECIMEN BEFORE
FATIGUING (ASTM. GRAIN SIZE NO. 8,0, x100)

FIG. 1(d). X-RAY BACK REFLECTION PATTERN OF A SPECIMEN
BEFORE FATIGUING (Cu RADIATION),
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FIG. 15.a X-RAY BACK REFLECTION PATTERN OF & SPECIMEN
FATIGUED AT S,=10.0 ksi (Cu RADIATION).

FIG. 15.b X-RAY BACK REFLECTION PATTERN OF A SPECIMEN
FATIGUED AT S5,=16.5 ksi (Cu RADIATION).

FIG. 15.¢ X-RAY BACK REFLECTION PATTERN OF A SPECIMEN
FATIGUED AT S_=19.0 ksi (Cu RADIATION).
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FIG. 16.a ETCHED-UP FATIGUED SLIP ZONES (F-14, ¥10.0 ksi, x 500).
1. Distorted slip zones. : :

FIG. 16.b TYPICAL F-RANGE DAMAGE, STRAIGHT SLIP AND CROSS
SLIP (F-13, +10.0 ksi, x 500). : .
1. Cross slip
2. Straight slip.



FIG. 16.c¢ TYPICAL F-RANGE DAMAGE, STRAIGHT SLIP AND CROSS
SLIP (F-14, +10.0 ksi, x 500). ‘
1. Straight slip 2. Cross slip 3. Distorted slip zones
4, Twin boundary distortion 5. Grain boundary damage.

FIG. 16.d4 TYPICAL VIEW OF A GRAIN SHOWING CROSS SLIP AT HIGH
MAGNIFICATION (F-13, +10,0 ksi, x 1000).
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CROSS SLIP (F-13, +10,0 ks

-RANGE DAMAGE,

.e TYPICAL F

FIG. 16

x 500)

1. Cross slip.

10,0 ksi, x 1000)

2. Twin boundary damage

TWIN BOUNDARY DISTORTION (F-13,

f FATIGUED SLIP ZONES, TWIN BOUNDARY DAMAGE AND
1. Fatigued slip zones

16

FIG.

3. Twin boundary distortion.



FIG. 17.a TYPICAL H-pAMAGE IN SEVERAL GRAINS (E-87, +19, 0 ksi,
x 500) ‘ '
1. Twin with H-damage showing etch pits
2. Grains with H-damage showing etch pits
3. Distorted twins 4, Twin boundary damage.

FIG. 17.b TYPICAL F-DAMAGE AT HIGH STRESS AMPLITUDES (E-83,
+19. 0 ksi, x 1000),
1. Fatigued slip zones 2. Cell boundary damage.
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FIG. 17.¢ GRAIN WITH DISTORTED TWINS (E-83, +19.0 ksi, x 1000).
1. Distorted twins with boundary damage 2. Cross slip.

FIG. 17.4 TYPICAL H-DAMAGE SHOWING CELL BOUNDARY DAMAGE
(E-87, +19,0 ksi, x 1000).
1, Cell boundary damage
2. Distorted twins with boundary damage.



FIG. 17.e F-RANGE DAMAGE PRESENT AT HIGH STRESS AMPLITUDES
(E-83, +19.0 ksi, x 500)
1. Fatigued slip zones
2. Interaction between a twin and slip zones,

FIG. 18.a DISTORTED SLIP ZONES IN THE NEIGHBOURHOOD OF THE
WORK HARDENED SURFACE LAYER (D-147, +12.7 ksi, x 1500).
1. Distorted slip zones.



FIG, 18.b GROOVES LEFT BY FINAL MACHINING. EXTENSIVE TWINNING
AND SOME SLIP CAN BE OBSERVED. (D-147, +12,7 ksi, x 150)

i

FIG. 18.c¢ GROOVES LEFT BY FINAL MACHINING (D-147, +12.7 ksi, x 500).
1. Microcrack from the groove
2. Work hardened surface layer.



FIG.18.4d TYPICAL F-DAMAGE IN THE NEIGHBOURHOOD OF THE
, WORK HARDENED SURFACE LAYER (D-147,+12.7 ksi, x 500).

1., Distorted slip zones.

EFFECT OF IMPROPER POLISHING PROCEDURE, NOTE THE
THIN WORK HARDENED LAYER LEFTOVER BY POLISHING IN
THE FORM OF BLACK PATCHES (D-147, +12.7 ksi, x 500)

1. Area shown at high magnification in Fig. 18.a

FIG. 18.e



FIG. 19. a ABSENCE OF MICROCRACKS USUALLY DEVELOPING
FROM GROOVES LEFT BY FINE-MACHINING, (A-21,
+ 14 ksi, x150).

MICROCRACKS DEVELOPING AT THE ROOTS OF GROOVES

FIG. 19.b .
LEFT BY FINE-MACHINING. (A-39, t+14 ksi, x150).



FIG. 19.¢c A TYPICAL GRAIN WITH H-RANGE DAMAGE IN THE VICINITY

OF THE WORK HARDENED SURFACE LAYER (A-39, +14.0 ksi
x 500).

1. H-Range damage and etch pits

2. Distorted twins with boundary damage
3. Microcracks,

FIG. 19.4 A GRAIN WITH H-RANGE DAMAGE AT HIGH MAGNIFICATION
(A-39, +14,0 ksi, x 1500).
1. Etch pits
2. Distorted twins with boundary damage
3. Grain boundary damage.



FIG. 20.a A TYPICAL VIEW SHOWING A NUMBER OF MICROCRACKS
AND SEVERAL MACROCRACKS IN THE NEIGHBOURHOOD
OF THE WORK HARDENED SURFACE LAYER (E-86, +19.0
ksi, x 150).

1. Macrocrack which caused final failure 2, Macrocracks 3. Microcracks,

FIG, 20.b A TYPICAL VIEW SHOWING MICROCRACKS DEVELOPING
FROM GROOVES LEFT BY FINAL MACHINING AND THE
DEVELOPMENT OF MACROCRACKS BY LINKING-UP OF

- MICROCRACKS (E-86, 19,0 ksi, x 500).

1, Microcracks 2. Macrocracks 3, Microcracks about to link up with the

neighbouring macrocracks. !



FIG. 20.c ORIGIN OF MICROCRACKS IN THE VICINITY OF THE WORK
HARDENED SURFACE LAYER (E-51, +19.0 ksi, x 500).
1. Macrocrack 2. A microcrack about to link up with the
macrocrack 3, Grain boundary damage, about to open up into
cracks 4, Microcracks in the interior of a grain 5. Polishing
marks,

FIG. 20.4 EVIDENCE OF LINK UP OF MICROCRACKS WITH THE
MACROCRACK (E-51, +19.0 ksi, x 1500).
1. Macrocrack running along the grain boundary 2. A micro-
crack which has just linked up with the macrocrack 3. A micro-
crack which was likely to link up with (2) if there had been
further cycling.



FIG. 20.e A TYPICAL MACROCRACK AT HIGH MAGNIFICATION (E-51,
+19,0 ksi, x 1500),
1. Macrocrack 2, Twin boundary damage 3. Silver deposit.

FIG. 20.f FATIGUED SLIP ZONES AT HIGH MAGNIFICATION (E-51,
+19,0 ksi, x 1500).
1. Macrocrack 2, Cell boundary damage 3. Fatigue slip zones
about to open up into cracks,



